In assembling the PS complexes in vivo, biosyntheses of the protein subunits and the cofactors must be strictly regulated. 6 How minor Chl derivatives, such as Pheo a and Chl a′, are biosynthesized and complexed with the protein subunits by maintaining the molecular integrity would be one of the key issues for the functional organization of photosystems. To clarify this, the relationship between the biosyntheses of Pheo a and Chl a′, and accumulation of PS I and PS II should be studied in detail.
One of the systems useful for this purpose is the greening of dark-grown etiolated leaves, 7 which do not contain Chls nor any photosystems, but accumulate a precursor of Chls, protochlorophyllide (PChlide). 8, 9 PChlide is enzymatically photo-reduced to chlorophyllide (Chlide) a upon illumination. Subsequently, the C17 3 carbon of Chlide a is esterified with an isoprenoide side chain, then Chl a and the apoproteins are assembled into functional complexes. 10 In this greening process, there are a number of biosynthetic intermediates of Chl a and Chl b whose 17 3 carbons are esterified with geranylgeranyol (GG, abbreviated as Chl aGG hereafter), dihydro-GG (DHGG), tetrahydro-GG (THGG) and the mature phytol (P) (Fig. 1) . 10 PChlides esterified with GG (protochlorophyll (PChl)GG), DHGG, THGG and P ( Fig. 1 ) also exist in the early stages of greening. 10 Although the accumulation of such intermediates of Chls a and b during greening has been examined by reversed-phase HPLC analyses, [11] [12] [13] little attention has been paid to the biosyntheses of Pheo a and Chl a′, 11 and nothing is known to date concerning whether the C17 3 isomers of Chl a′ and Pheo a accumulate during greening. This is due to a lack of HPLC conditions which can separate these isomers from complex mixtures of Chl biosynthetic intermediates, and also due to their extremely low levels during the early stage of greening, where the Chl amounts are about 1/1000 of those in mature green leaves. 7 Toward unraveling the biosynthetic pathways of Chl a′ and Pheo a, we have developed HPLC conditions which can separate and detect GG, DHGG, THGG and P isomers of Chl a′, Pheo a, PChl and Chl a with high sensitivity, and applied the system to pigment analyses of etiolated leaves during the very early stages of greening.
Experimental

Plant growth and preparation of thylakoid membranes
Barley (Hordeum vulgare L.) was used as plant materials, and greening of etiolated leaves was carried out as described previously. 11 Thylakoid membranes were prepared from about 10 g of greening etiolated leaves as before, 11 and finally suspended in 250 µL of 10 mM NaCl, 5 mM MgCl2, 50 mM Tricine-NaOH (pH = 7.8).
HPLC conditions and pigment extraction
A normal-phase HPLC column, Senshupak Silica 2151-N (6 mmφ × 150 mm, Senshu Science) was employed. Pigments were eluted with hexane/toluene/methanol = 100/4/0.8 (v/v) at a flow rate of 1.0 mL/min. The column temperature was maintained at 4˚C. For reversed-phase HPLC, a PEEK column packed with Nucleosil ODS100 (ODS-1151N PEEK, 4.6 mmφ × 150 mm, Senshu Science) was employed. The choice of a PEEK column came from an observation that a stainless-steel column occasionally promotes the allomerization of Chl a, while a PEEK column is sufficiently inert in this respect. 4 Pigments were eluted with methanol 14 at a flow rate of 1.0 mL/min, while keeping the column temperature at 20˚C. The eluents were degassed with an on-line degasser (JASCO DG 980-50).
The elution profile was monitored with fluorescence detectors (JASCO FP-920 and JASCO 821-FP) connected in series. The photomultipliers of the detectors were exchanged to a Model R928-23 (Hamamatsu Photonics) for the sensitive detection of red fluorescence of Chls. In our HPLC system, less than 5 fmol of Chl a and 2 fmol of Pheo a were detectable (data not shown). The signals from the fluorescence detectors were acquired with a Macintosh computer via an interface, Mac Integrator I (EYELA), and processed with the packed software. The difference in the fluorescence quantum yields of Chl a and Pheo a at the detection wavelength was calibrated by injecting known amounts of Chl a and Pheo a. The extinction coefficients in acetone 15 were used for quantitating Chl a and Pheo a. The Chl a′/Chl a ratios were deduced from a direct comparison of the peak areas, because the fluorescence quantum yields of Chl a′ and Chl a are the same (Watanabe et al., unpublished result) .
Pigments were extracted from a 20-µL aliquot of thylakoid membrane suspension with acetone/methanol = 7/3, as described elsewhere. 4, 11 After removing the extraction solvents, the dried pigments were dissolved in 100 to 300 µL of the HPLC eluent and a 20-µL aliquot of the solution was injected into the column. Pigment extraction was performed under a dim green light.
Results
Separation/identification of C17 3 isomers of Chl a′, Pheo a, PChl and Chl a by normal-phase HPLC
In our previous reversed-phase HPLC analyses, the peaks of Chl a′GG and Chl a′DHGG were overlapped with those of Chl aDHGG and Chl aTHGG, respectively. Chl a′THGG had a retention time close to those of Chl aP allomers. 11 An insufficient separation of the C17 3 isomers of Chl a and Chl a′ arose from the insensitivity of reversed-phase HPLC to the difference in the C13 2 stereochemistry. In view of this, we employed normalphase HPLC 15 for separating the C17 3 isomers of Chl a′, Pheo a, PChl and Chl a. Previous normal-phase HPLC conditions 5 were less satisfactory for this purpose, because the C17 3 isomers of Pheo a, Chl a′ and PChl tended to cluster on the HPLC trace (data not shown). Though hexane/methanol mixtures separated these isomers better, the reproducibility of the retention times was sometimes poor, probably due to the low solubility of methanol to hexane. The addition of an appropriate amount of toluene improved the retention time reproducibility without any loss of resolution. Figure 2 shows normal-phase HPLC traces of Chl aGG, Chl aDHGG, Chl aTHGG and Chl aP isolated with reversed-phase HPLC by methanol elution, previously applied for analyses of the C17 3 isomers of Chl a and b. 13, 14 In normal-phase HPLC, the Chl a isomers were eluted in the order of P, THGG, DHGG and GG forms with sufficient resolution, in exactly the opposite direction of reversed-phase HPLC (Fig. 2) . Although the addition of 4 -10% of acetone instead of toluene improved the separation among the C17 3 isomers of Chl a, Chl a′GG-P and PChlGG-P were not resolved (data not shown).
Pheo aGG-P, Chl a′GG-P and PChlGG-P isomers were assigned based on retention-time comparisons and their fluorescence properties. Figures 3(a) -(c) show HPLC traces of the pigments extracted from leaves at 15 min of illumination obtained under three different detection conditions. Peaks 13 to 16 were assigned to Chl aP, Chl aTHGG, Chl aDHGG and Chl aGG, respectively, from retention-time comparisons with Fig. 2 . As can be seen in Fig. 3(a) , peaks 5 -8 were enhanced in the trace detected at F(440, 625), which can primarily detect PChls. Taking into account the elution order of Chl aGG-P in Fig. 2 , peaks 5 -8 were assigned to PChlP, PChlTHGG, PChlDHGG and PChlGG, respectively.
Detection at the Pheo a-enhancing scheme, F(410, 680), and the Chl a-enhancing scheme, F(425, 670), showed that peaks 1 -4 were enhanced by the F(410, 680) detection (Figs. 3(b) and (c)), and the ratios among peaks 9 -12 to Chl aGG-P were almost the same under both detection conditions. This indicates that peaks 1 -4 are Pheo a-type pigments, and peaks 9 -12 have the same fluorescence properties as that of Chl a. The retention times of peaks 1 -4 and peaks 9 -12 were compared with Pheo aGG-P obtained by demetallation of the same pigment extract ( Fig. 3(d) ) and the Chl a′GG-P of the epimeric mixture produced by triethylaminecatalyzed epimerization of the same sample ( Fig. 3(e) ). The retention time of peaks 1 -4 and peaks 9 -12 agreed with those of Pheo aGG-P and Chl a′GG-P, respectively. The ratios of the capacity factor (k′) of GG, DHGG, THGG isomers to k′ of the P isomer were almost the same for Pheo a, PChl, Chl a′ and Chl a groups of pigments (Table 1) . This supports the assignments of peaks 1 -4, peaks 5 -8 and peaks 9 -12 to GG-P isomers of each pigment. The peak assignments derived from the fluorescence properties and the retention-time comparisons are summarized in Table 1 .
In reversed-phase HPLC analyses of GG, DHGG, THGG and P isomers of Chls, a linear relation was found between the log k′ value and the number of double bonds in the C17 3 isoprenoid side chains. 14 The same relation was found for the normalphase HPLC analyses. The log k′ values of Pheo a, PChl, Chl a′ and Chl a isomers were linear against the numbers of double bonds in the C17 3 side chains with almost the same slopes for each group of pigments (Fig. 4) . This indicates that separation among the C17 3 isomers of Chls in normal-phase HPLC is attained mainly by the difference in the partition coefficients of the isomers, as in reversed-phase HPLC.
HPLC analyses of greening etiolated leaves
The normal-phase HPLC conditions developed here were applied for a pigment composition analysis of etiolated leaves at the early stages of greening (Fig. 5) . At 15 min of illumination ( Fig. 5(A) ), biosynthetic intermediates Chl aGG, Chl aDHGG and Chl aTHGG shared about 30% of the esterified forms of Chl a. The abundances of Chl aGG, Chl aDHGG and Chl aTHGG within the esterified forms of Chl a tended to decrease upon prolonged illumination, and reached about 5% at 60 min of illumination ( Fig. 5(A) ). Under our normal-phase HPLC conditions, Chlide a, a non-esterified form of Chl a, could not be eluted within an appropriate time. To probe into Chl biosynthetic intermediates involving Chlide a, the same samples were analyzed with reversed-phase HPLC with 100% methanol elution 13, 14 (Fig. 6 ). After 15 min of illumination, Chlide a shared 40% of Chl atotal, and the abundance of Chlide a decreased to 2% at 60 min of illumination. The elution profiles of Chl aGG, Chl aDHGG, Chl aTHGG and Chl aP in the reversed-phase HPLC (Fig. 6(A) ) were essentially mirror images of that obtained by normal-phase 511 ANALYTICAL SCIENCES APRIL 2001, VOL. 17 Table 1 for peak assignments. Fig. 4 Plots of log k′ of the C17 3 isomers of Pheo a, PChl, Chl a′ and Chl a versus the number of double bonds in the C17 3 isoprenoid side chains. , Pheo a isomers; , PChl isomers; , Chl a′ isomers;
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HPLC ( Fig. 5(A) ), which further supports the peak assignment of Chl aGG-P in the normal-phase HPLC traces.
Chl a′ and Pheo a had already been detected after 15 min of illumination. The Chl a′P/Chl aP ratio was 0.88% after 15 min of illumination, and slightly increased to 1.1% after 60 min. These Chl a′P/Chl aP ratios are about twice that found in mature leaves, 0.45%. 4 The accumulation of Chl a′P at 15 min of illumination and the higher Chl a′P/Chl aP ratios agree well with those in our previous reversed-phase HPLC analyses. 11 The Pheo aP/Chl aP ratio was 0.47% after 15 min of illumination, and increased to 1.3% after 60 min. The latter value is also higher than that in mature leaves (0.98%). 4 The molar ratios among the C17 3 isomers of Chl a′ were almost identical with those of Chl a at 15, 30 and 60 min of illumination (Fig. 5(A) ). However, the ratios among the C17 3 isomers of Pheo a were clearly different from those of Chl a.
By a comparison with demetallated products of the same sample, which had the same distribution of the GG-P isomers with Chl aGG-P, the Pheo aTHGG/Pheo aP and the Pheo aGG/Pheo aP ratios in the sample after 15 min of illumination were about half those of the demetallated products (Fig. 5(B) ). In a sample illuminated for 30 min, the amounts of Pheo aGG, Pheo aDHGG and Pheo aTHGG were also smaller than those of demetallated products. Reversed-phase HPLC by methanol elution 14 can distinctly separate Pheo a from other Chls, and can thus determine Pheo aGG-P without interference from other Chls. Pheo aGG-P on reversed-phase HPLC traces in the same samples showed the same trends as the normal-phase HPLC analyses (Fig. 6(B) ), whereas the signal-to-noise ratios of the reversedphase HPLC traces were lower than those of normal-phase HPLC, due to peak broadening caused by a longer retention time. The Pheo aTHGG/Pheo aP and Pheo aGG/Pheo aP ratios in a sample after 15 min of illumination were about half those in the demetallated products. The Pheo aTHGG/Pheo aP and Pheo aGG/Pheo aP ratios in the sample after 30 min of illumination were also smaller than those in the demetallated products. The difference in the distributions of the C17 3 isomers between Chl a and Pheo a was confirmed by both normal-phase and reversed-phase HPLC.
Discussion
In this work, we have developed normal-phase HPLC conditions which can separate the C17 3 isomers of Pheo a, PChl, Chl a′ and Chl a. The application of these HPLC conditions has enable us, for the first time, to detect the C17 3 isomers of Pheo a and Chl a′ in pigment extracts of etiolated leaves at very early stages of greening. The HPLC analyses showed that the Pheo aP/Chl aP and Chl a′P/Chl aP ratios increased during the course of greening, from 15 to 60 min of illumination (Fig. 5) . This indicates that the Pheo a and Chl a′ detected here were not artifacts during pigment extraction and HPLC. If Pheo a and Chl a were artifacts derived from Chl a during sample handling and analysis, the Pheo aP/Chl aP and the Chl a′p/Chl aP ratios would be constant irrespective of the illumination time. Previous standard addition experiments 11 have already shown that no considerable epimerization occurs during pigment extraction of a sample after 15 min of illumination. Pigment alteration during thylakoid membrane preparation also seems to be implausible. Portions of Chls which transiently bind to proteins, such as enzymes in Chl biosyntheses or possible Chl-binding proteins, early-lightinducible protein, 16 might be larger during the earlier phase of greening than in the later phase. Under such a situation, in vitro epimerization and demetallation of Chls might readily occur during the earlier stages of greening. If all of the Chl a′ and Pheo a were artifacts during thylakoid membrane preparation, the Chl a′/Chl a and the Pheo a/Chl a ratios would tend to decrease during the progress of illumination. The increase in the Pheo aP/Chl aP and Chl a′P/Chl aP ratios observed here indicates that the detected Pheo a and Chl a′ were biosynthetic products.
In our experiments, Chl a′ and Pheo a were already detected after 15 min of illumination (Fig. 5) . The accumulation of Chl a′ and Pheo a after 15 min of illumination does not conflict with previous studies on protein syntheses. The reaction center apoproteins of PS I and PS II have also been known to accumulate within 15 min of illumination. 17, 18 The assembly of Chl a′ and Pheo a into PS I and PS II after 15 min of illumination is possible based on the accumulation of reaction 512 ANALYTICAL SCIENCES APRIL 2001, VOL. 17 The peak numbering is the same as in Fig. 5 and Table 1 . a. k′=(tR-t0)/t0, where tR and t0 are the retention times of retained and unretained solute, respectively. t0 was determined from solvent peak of dichloromethane, 4.0 min. b. The ratios of k′ of GG, DHGG, THGG and P isomers to that of P isomer in each group of pigments. center apoproteins. It is also known that the core part of the PS I and PS II reaction centers are formed during the early stages of greening, and that light-harvesting complexes, which possess about half the Chl a molecules in thylakoid membranes, 19 but contain no Chl a′ and Pheo a, 4 accumulate during the later phase. 8 The higher Pheo aP/Chl aP and Chl a′P/Chl aP ratios during the early stages of greening (Fig. 5) would be rationalized by invoking a preferential accumulation of PS I and PS II reaction center complexes, which bind Chl a′, Pheo a and a small portion of Chl a.
Ignatov and Litvin also detected Pheo a in intact etiolated maize leaves after 15 min of weak illumination, 10 -2 W/m 2 , about 1/40 of the intensity employed here, from fluorescence spectral measurements. 20, 21 However, the Pheo a/Chl a ratio, which they estimated from the fluorescence excitation spectra, was as high as 50%, which is far from the value obtained here (about 0.47%). Such a discrepancy might, at least partially, be due to a difference in the illumination conditions. In our experiments, PChlide accumulated in the dark was almost completely photo-reduced to Chlide a by illumination (data not shown), but only 5 to 30% of PChlide was photo-reduced in the experiments of Ignatov and Litvin. 20 Under greening conditions where the amounts of Chl(ide) a are limited, Pheo a might be preferentially accumulated. Further experiments are required to clarify the discrepancy between the two experiments.
The biosynthetic pathways of Pheo a and Chl a′ can be partly inferred from the substrate specificities of the enzymes participating in the Chl biosyntheses. Protochlorophyllide oxidoreductase, which converts PChlide to Chlide a, cannot utilize protopheophorbide a 22 nor PChlide a′ 23 as substrates. Chlorophyll synthetase also cannot catalyze esterification of pheophorbide a and Chlide a′. 24 These results might suggest that Pheo a and Chl a′ would be derived from Chl aGG-P by demetallation and epimerization catalyzed by possible individual enzymes or PS I and PS II reaction-center proteins, themselves. 24 The similar distributions of the GG-P isomers between Chl a′ and Chl a observed here (Fig. 5(A) ) might indicate that an enzyme, possibly Chl epimerase, can utilize Chl aGG-P as substrates to the same extent. In the case of Pheo a, the molar ratios among GG-P isomers were different from those of Chl a (Fig. 5(B) and Fig. 6(B) ). The different distributions of the GG-P isomers between Pheo a and Chl a would not be due to the difference in the demetallation rates among the Chl aGG-P isomers. Because the structural differences among these isomers lies only in the number of double bonds in the C17 3 side chains, which is distant from the conjugated chlorin macrocycle, the demetallation rates would not be significantly altered among these isomers. The different distributions of the GG-P isomers between Pheo a and Chl a might reflect a higher affinity of the P-form of Chl a and Pheo a to the possible demetallation enzyme or to the Pheo a binding site in the PS II reaction center apoproteins, respectively. In this context it is noted that, a purple bacterium Rhodospirillum rubrum G9, which is evolutionally related to PS II, 25 contains bacteriochlorophyll aGG as the main pigment, whereas bacteriopheophytin a is esterified with phytol. 26 Detailed pigment composition analyses with the normal-phase HPLC conditions developed here and measurements on the photochemical activities of PS I and PS II will eventually unravel the biosynthetic pathways of Chl a′ and Pheo a. Further studies under various greening conditions and other plants are currently under way.
